We present an analysis of 168 oscillating red giants from NASA's Kepler mission that exhibit anomalous peaks in their Fourier amplitude spectra. These peaks result from ellipsoidal variations which are indicative of binary star systems, at frequencies such that the orbit of any stellar companion would be within the convective envelope of the red giant. Alternatively, the observed phenomenon may be due to a close binary orbiting a red giant in a triple system, or chance alignments of foreground or background binary systems contaminating the target pixel aperture. We identify 87 stars in the sample as chance alignments using a combination of pixel Fourier analysis and difference imaging. We find that in the remaining 81 cases the anomalous peaks are indistinguishable from the target star to within 4 ′′ , suggesting a physical association. We examine a Galaxia model of the Kepler field of view to estimate background star counts and find that it is highly unlikely that all targets can be explained by chance alignments. From this, we conclude that these stars may comprise a population of physically associated systems.
INTRODUCTION
This paper sets out to solve a long-standing problem in the study of oscillating Kepler red giants. The analysis of red giants has been an area of rapid growth with the advent of data from the Kepler mission (Borucki et al. 2010) . In particular, asteroseismology has allowed unprecedented insights into their core fusion (Bedding et al. 2011) , internal rotation (Mosser et al. 2012; Beck et al. 2012) , and internal magnetic fields . Red giants have also contributed to the field of galactic archaeology, where the study of red giant populations is used to map the formation ⋆ icol6407@uni.sydney.edu.au history of the galaxy (Miglio et al. 2013; Casagrande et al. 2016 ).
The red giants in this study were first noted in the early days of Kepler . Initial analysis revealed anomalous highamplitude peaks in their Fourier spectra. Figure 1 shows amplitude spectra using the first quarter of data and data from all quarters for the first star observed to exhibit this behaviour, KIC 4350501 (Bedding et al. 2010) . Note that the heights of the oscillation modes in the amplitude spectrum decrease as the observing time is increased because the modes become more resolved.
These anomalous peaks were first suggested to be mixed modes (Bedding et al. 2010 ), which are caused by the coupling between p modes propagating in the convective enc 0000 RAS Amplitude spectrum of KIC 4350501, the first noted red giant with an anomalous peak, using only 43 days of data (Q0 and Q1), as in Bedding et al. (2010) . Bottom panel: Amplitude spectrum calculated using all four years of Kepler data. The oscillations are centred at 140 µHz; the anomalous peak is at ∼86 µHz.
velope with g modes propagating in the radiative core. Solar-like oscillations are stochastically excited and damped, with narrower peaks indicating longer mode lifetimes, as expected for mixed modes. However, this peak does not conform to the typical comb-like pattern of red giant oscillations (Hekker & Christensen-Dalsgaard 2016) . In the case of KIC 4350501, more data showed the anomalous peak to be intrinsically narrow and revealed a subharmonic at half the frequency of the peak, which implies that it is a distinct signal, unrelated to the red giant oscillations. This suggests that the peak is not a mixed mode but rather the signature of tidal interactions in a binary system. We have subsequently found many other red giants that show this type of behaviour, including the presence of harmonics and subharmonics. However, these peaks are present at such short periods that any binary companion would have to be orbiting within the convective envelope of the red giant.
This raises the possibility that we are observing common-envelope systems (Paczynski 1976) . This is a phase of binary evolution that has been extensively studied with modelling and population synthesis. Evidence to confirm the existence of common-envelope systems is hard to come by; the closest method we have to direct detection is studying observational phenomena indicative of a past commonenvelope phase. Recent studies have used the shaping of planetary nebulae with binary central stars to better understand common-envelope interaction (Hillwig et al. 2016) , and jets in planetary nebulae to constrain the magnetic fields of common-envelope binaries (Tocknell et al. 2014) . It has also been postulated that the common-envelope phase could be integral to the evolution of red giants into sdB stars and cataclysmic variables (Beck et al. 2014) . The observation of a common-envelope system would provide important confirmation for these theories of binary evolution. For a recent review of our understanding of common-envelope systems, see Ivanova et al. (2013) .
Another possibility is that these objects may be examples of hierarchical triple systems, where a compact binary orbits a red giant, e.g. HD181086 ("Trinity") (Derekas et al. 2011; Fuller et al. 2013) . Alternatively, these anomalous peaks could arise from a chance alignment: a background or foreground compact binary that has contaminated the light collected from the red giant. This study examines a sample of 168 light curves that exhibit both red giant oscillations and an anomalous peak, often with harmonics or a subharmonic. In this paper, we outline the method used to identify chance alignments, and comment on the statistics of possible physically associated systems.
METHODS AND ANALYSIS

Data preparation
The 168 stars studied were all discovered among Kepler red giants by visual inspection of power spectra. Many were included in the samples of Huber et al. (2010) , Huber et al. (2011 ), or Stello et al. (2013 . Additional stars were taken from Yu et al. (2016) or found in the APOKASC sample (Pinsonneault et al. 2014) . We began by downloading and preparing Kepler simple aperture photometry (SAP) light curves from MAST 1 . We processed the light curves following García et al. (2011) , initially performing a high-pass filter using a Gaussian of width 100 days. We followed this by clipping all outliers further than 3σ from the mean. Finally, we took a Fourier transform to produce the amplitude spectrum.
We first located the comb-like pattern of solar-like oscillations, typical of red giant stars. Then, we were able to identify anomalous peaks. These have no particular position in relation to the solar-like oscillations. The majority of anomalous peaks had amplitudes higher than or comparable to the oscillations. Some anomalous peaks were found at similar frequencies to the oscillations, which led to a degree of confusion in stars that were identified previously with fewer quarters of data. A subset of the stars that we initially considered to fit this pattern were discarded from this study due to the anomalous peak representing an oscillatory ℓ = 0 or ℓ = 2 mode with a relatively broad peak, implying a shorter mode lifetime.
Using the frequency of the high-amplitude anomalous peak, we phase-folded each star's time series. The majority of the resulting phase curves displayed ellipsoidal variation, lending weight to the theory that these peaks are due to binarity. None of the anomalous peaks included in this study displayed the phase variation expected of a red giant oscillation. Examples are given in Figure 2 . In some cases there were also subharmonics present in the Fourier spectra, as with KIC 4350501 (Figure 1 ), or a series of peaks indicative of an eclipse.
Anomalous peaks in seven cases came from nearby main sequence pulsators-two with γ-Doradus oscillations and five with nearby δ-Scuti pulsators. Examples of red giants contaminated by γ-Dor and δ-Scuti oscillations are shown in Figure 3 . Although these stars do not conform to the typical pattern of red giant oscillations with one anomalous peak and possible harmonics and subharmonics, we include them in this paper as they were studied with the same processes as the remainder of the sample and provide confirmation that the method works independently of the type of target being analysed.
Pixel power spectrum analysis
In the previous section we covered the process of identifying stars for this sample. For this, we used SAP light curves, which are a composite of several 4 ′′ Kepler pixels comprising the so-called 'optimal aperture.' To locate the true sources of these anomalous peaks, it was necessary to examine the area around each of the targets. For this, we used Kepler target pixel files (TPFs), which are available for download from MAST. TPFs provide a 'postage stamp' image of pixels around Kepler targets. We employed the same methods outlined in Section 2.1 to process light curves from individual pixels in each TPF.
During the Kepler mission, the orientation of the telescope changed by 90
• every quarter. Because of this, we examined each quarter of pixel data separately. In cases where oscillations were not visible with only one quarter of data, we stitched together the light curves of quarters with the same orientation, which occurred every fourth quarter.
By taking a Fourier transform of each pixel time series, we could more accurately locate the source of the anomalous peaks in the image. We identified these by inspection, based on the pixels included in the optimal aperture around the target star. In many cases, the source of the anomalous peak was obviously separated from the source of the solar-like oscillations. Figure 4 shows an example of such a TPF for KIC 7461601, where the optimal aperture is indicated by red shading. In this case, the anomalous peak is primarily located outside the optimal aperture. It is evident that its source is separate to the source of the oscillations. Of the 168 stars analysed, we found 87 to display this type of clear separation. We interpret these as chance alignments of red giants with background or foreground binaries. The other 81 stars did not show this sort of clear separation. Figure 5 shows the TPF for KIC 3736251, a case where there is no clear distinction between the pixel source of the red giant oscillations and the anomalous peak. We interpret these as possibly physically associated systems.
Difference imaging
We performed a more detailed study of the TPFs with difference imaging, which has been successfully applied to the identification of false positive exoplanet tran- sits (Bryson et al. 2013) . We selected postage stamp images that fell in time within 10% bands centred on the maximum and minimum points of the phased light curve. To create the difference image, we took the average of both sets of images and subtracted the average about the minima from the average about the maxima. This new image retained the dimensions of a TPF postage stamp and could easily be compared to the average images, as shown in Figure 6 . From this, we could see which pixels were the source of the flux variations at the period of the anomalous peak.
There remain some caveats for the use of difference imaging. The method we used was designed for ellipsoidal variation, and so it was less useful for the few stars in the sample where the phased light curve showed an eclipse, or where the identified anomalous peak belonged to δ-Scuti oscillations with multiple high-amplitude peaks. There were several other issues with using the phased light curves, particularly in stars with a low signal-to-noise ratio where the periodicity was hard to discern by looking at the phased light curve, due to scatter. Additionally, difference imaging was less successful for cases where the contaminant was at an angular distance greater than 30
′′ from the target star. Some stars with clear contamination in the TPF did not show any variation in the difference image, which suggested that the contaminant was located outside the optimal aperture. This tended to coincide with low-amplitude anomalous peaks. In such cases, it was clear simply from the TPFs that there was contamination.
Despite this, we were still able to gain valuable information from difference imaging. For stars with no evident contamination in the TPFs, the difference images tended not to show variation when compared to the average images. Difference imaging also helped to confirm the status of stars with low signal in the TPF Fourier spectra. Conversely, the difference images reinforced the status of stars with more tentative classification as spatially separated. It follows that many of the cases where difference imaging did not confirm contamination correspond to widely separated chance alignments.
To identify the true source of chance alignments, widelyseparated or otherwise, we next compared both the average and difference images to higher-resolution images of the same area of sky, using 1 ′ cutouts from the UKIRT WF-CAM (the UK Infrared Telescope Wide Field Camera) survey (Lawrence et al. 2007 ). An example is shown in Figure 7 . Kepler TPFs contain world coordinate system (WCS) information, which allowed us to calculate the orientation of the postage stamp. We displayed coordinates on both types of images in the form of a compass rose, from which we could see whether there were any possible contaminant stars from the same position as the anomalous source as shown in the TPF Fourier spectra. Looking for matches in both the KIC and the UKIRT object catalogue, we were able to use a Kepler light curve to confirm the source of contamination in 18 cases (see Table 2 in the appendix.) For 87 of the other chance alignments (Table 4) , we noted one or more possible stars that could be the contaminant, especially closer to the Galactic plane, which is where most of the chance alignments were found.
DISCUSSION
Spatial distribution
We found that, of the 168 red giants with anomalous peaks, 87 could be identified as chance alignments. For 18 of these chance alignments, we confirmed their status with the analysis of Kepler light curves of nearby stars which we identified as the sources of contamination. We could not spatially resolve the 81 other stars, and we refer to these as possibly associated systems. We identified four of the five δ-Scuti influenced systems as chance alignments. The two γ-Dor influenced systems remain possible physical associations. Figure 8 shows the distribution of our sample over the Kepler field of view (FOV), with chance alignments in panel (a) and possibly associated systems in panel (b) . We present these populations in galactic coordinates, and note that the bottom of the field at lower galactic latitudes is closer to the Galactic plane and has a higher density of stars. At higher galactic latitudes we observe a marked paucity of stars as expected, both in the field itself and in the sample considered in this study. Similarly, this pattern presents itself in the distribution of chance alignments. It is therefore noteworthy that the possibly associated systems seen in panel (b) seem to be spread quite evenly across the FOV.
We further analysed these populations by examining their cumulative distributions as a function of galactic latitude, shown in Figure 9 . We compare this to a distribution of 1,000 red giants drawn randomly from a list of oscillating Kepler red giants provided from Yu et al. (in preparation) . The distribution of the possible physical associations closely matches the distribution of random red giants, which implies that they are not chance alignments. It is also noteworthy that these distributions visibly differ from the distribution of chance alignments, which increases sharply at low galactic latitudes, reflecting the higher density of stars closer to the Galactic plane. The probability of finding a chance alignment between two populations is expected to scale as the square of surface density. This gives us an important insight into the nature of this population and suggests that we may be observing a distinct population of systems, possibly hierarchical triples or common-envelope binaries.
Amplitude distribution
We searched for a possible correlation between the intrinsic luminosities of the red giants and the amplitudes of their anomalous peaks. It might be expected that if a compact binary is physically associated with a red giant, the amplitude of variations from the binary might correlate inversely with the luminosity of the red giant, due to dilution. We observed no correlation, which led us to compare our stars to a sample drawn from the Kepler Eclipsing Binary Catalog (Prša et al. 2011) 2 . We selected the sample of eclipsing binaries (EBs) by their morphology, which is a measure of the ellipticity of their phased light curves calculated by locally linear embedding (Matijevič et al. 2012) . The cut off for EB selection was a morphology number > 0.7, chosen by visual inspection of stars in the catalog to match those with light curves similar to those in our sample. In Figure 10 , we plot the amplitudes of the anomalous peaks in our sample and of the Kepler EBs against Kepler magnitude. These data show that more ellipsoidal variation tends to have a lower amplitude of variation, a trend which is also present in our sample. The measure of ellipticity in our data was based on a ranking of the shape of phased light curves and on a different scale to the Catalog's morphology number, so we do not display it in Figure 10 .
From this exercise, we can explain the lack of correlation between the intrinsic luminosities of red giants and the amplitudes of their anomalous peaks by the broad range of amplitudes present across ellipsoidal variables, as exhibited by the Catalog sample. We also note that while our sample is overall brighter than the Catalog sample, the distribution of amplitudes is what would be expected for a sample primarily exhibiting ellipsoidal variation. The histogram in the right panel of Figure 10 shows that the distribution of the possible physical associations closely matches the distribution of the Catalog EBs. The anomalous peaks of both the possible physical associations and the chance alignments are more present at lower amplitudes, but this is markedly noticeable for the latter. This effect can be explained by the wide angular separation between the target stars and their contaminants, so less of the contaminating light enters the optimal aperture. This leads to systematically lower apertures. In the case of the possible physical associations, this dilution could be caused by a compact binary companion. This strengthens the conclusion that the possible physical associations comprise a distinct population.
Modelling of chance alignments
While the majority of chance alignments found in this study involved contaminants further than 4
′′ from the target star, it is possible that there could be contaminants within 4 ′′ of the target that our methods do not have the sensitivity to detect. To test whether we could expect to find more chance alignments within the remaining 81 stars, we analysed a model of a stellar population in the Kepler FOV. This also helped us in understanding the underlying statistics around chance alignments of red giants and background or foreground binary systems. Figure 8 . The sample of stars in this study is shown across the Kepler field of view in galactic coordinates. Panel (a) shows red giants with anomalous peaks that we classified as chance alignments, shown as green circles. In cases where source of the contamination could be confirmed by the contaminating star having a Kepler light curve, the target is shown by a pink square. Panel (b) shows the population of red giants exhibiting an anomalous peak and where a physical separation cannot be discerned. We used the modelling software Galaxia (Sharma et al. 2011) , which allows the user to synthesise an artificial population of stars within a given area of sky, here chosen to match the Kepler FOV. We defined a chance alignment as any two stars found within a Kepler pixel of each other, namely 4
′′ . Galaxia does not take into account the existence of binary systems, and hence any chance alignments that are detected in the simulation are true chance alignments.
Our model goes down to an apparent J magnitude of 20. Once the synthetic FOV had been simulated, we then searched for stars analogous to those in the sample by minimising over apparent J magnitude within a set range of galactic coordinates b and ℓ, and stellar parameters T eff , log(g) and [Fe/H] (Mathur et al. 2017) . The nearest match to each target star was designated a blend if we located another star within 4 ′′ of it. This process is illustrated in Figure 11 .
We found the occurrence of 4 ′′ chance alignments in the model to be rare, with only 18 of 168 these stars fitting the criterion, or 10.7%. This is much lower than the observed fraction (as discussed in Section 3.1) because here we are only looking at matches within 4 ′′ , which cannot be discerned by the techniques covered in Section 2. This can be compared with the figure quoted in a study of false positive KOIs (Kepler Objects of Interest) by Ziegler et al. (2017) , who found that planet host candidates have a nearby star within 0.15 ′′ -4 ′′ with a probability of 12.6% ± 0.9. Despite the fact that Ziegler et al. were not focused on red giants in the same way as our study, our value is just over 2σ from the result given by Ziegler et al., which places the two samples in good agreement. This suggests that a similar proportion of our sample will contain chance alignments within 4
′′ . By inspection of UKIRT images, 9 of the identified chance alignments appear to be close to or within 4
′′ . This implies that we should expect to find roughly 9 more chance alignments within 4
′′ among the 81 stars that have not been identified as chance alignments. This is a strong result, and leaves us with a sizeable population of possible physical associations involving an oscillating red giant.
Nature of the population
Based on the analysis presented in this section, it is likely we are observing a distinct population of possibly physi- cally associated systems. It is evident from the oscillations present that we are observing systems involving red giant stars. This raises the question of how similar the red giants in this sample are to typical red giants. We compared these objects to a sample of ∼16,000 known oscillating Kepler red giants (Yu et al. in preparation) in a plot of νmax against oscillation amplitudes, and found that the two samples were similar. This suggests that whatever mechanism is involved in generating large amplitude variations in these systems is not suppressing or altering the red giant oscillations in any significant way.
The most likely possibilities remain common-envelope and hierarchical triple systems. There are no known oscillation common-envelope systems for comparison, and there is still a limit to our knowledge of hierarchical triple systems. The HD181086 system (Derekas et al. 2011 ) is the best-studied observational example of a hierarchical triple involving a red giant. The red giant in HD181086 does not exhibit any oscillations, and the analyses of red giants in other eclipsing binaries have indicated that red giant oscillations can be suppressed by binarity (Gaulme et al. 2014 ). However, since we used the presence of red giant oscillations as a selection criterion for this study it is not possible to observe any such trend. Ultimately, we cannot extrapolate from the case of HD181086 to the many possible cases in this study, so the population of triple systems remains a valid hypothesis.
CONCLUSIONS
From a sample of 168 red giant stars with anomalous highamplitude peaks, we found 87 could be discounted as chance alignments, with the remaining 81 exhibiting no contamination outside a Kepler pixel. This leaves the opportunity for these stars to be physically associated systems such as a common-envelope binary or hierarchical triple systems. We observe that this population appears to follow the distribution of randomly-selected stars from the Kepler FOV. This distinguishes them from the population of chance alignments, which appear with a greater density towards the galactic plane. We have constructed and examined a model of a synthetic population in the Kepler field which suggests that such close chance alignments are rare, which would imply that most of these stars are more likely to be physically associated systems. This may point to hierarchical triple systems, or to common-envelope binaries.
Future work includes an observation of all remaining targets by Robo-AO (Baranec et al. 2011 ), an adaptive optics system which has been used previously to examine exoplanet host stars and asteroeismic targets observed by Figure 11 . An illustration of the process used to search for chance alignments in the Galaxia model, described in Section 3.3. The concentric rings have radius 4 ′′ , intended to represent the maximum distance between stars that could fall on the same Kepler pixel. The colour scale represents J magnitude.
will also look to spectroscopic follow-up observations using data from APOGEE (Majewski et al. 2010) , to identify the spectral lines of companion stars or any radial velocity variations indicative of binarity. In addition to this, further opportunities will arise to search for these unusual red giants in data from K2 and TESS. A larger sample from different areas of the sky would aid our understanding of these unusual cases and aid more detailed analysis of a possible new population of systems. The fundamental parameters of the stars in this study are listed in tables in the appendix. All code used for analysis is available online at https://github.com/astrobel/chancealignments.
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